. Leptospires were subsequently isolated from a wide range of animal reservoir species and classified into serogroups and serovars as a function of their antigenic determinants
.
Leptospirosis, a zoonotic disease with a worldwide distribution, is now recognized as an emerging infectious disease 4 . Over the past decade, outbreaks during sporting events, adventure tourism and disasters have underscored its ability to become a public health problem in non-traditional settings [4] [5] [6] . However, leptospirosis is a neglected disease that places its greatest burden on impoverished populations from developing countries and tropical regions 6 . In addition to being an endemic disease of subsistence farmers 1, 4, 5 , leptospirosis has emerged as a widespread problem in urban slums, where inadequate sanitation has produced the conditions for rat-borne transmission [7] [8] [9] . More than 500,000 cases of severe leptospirosis are reported each year, with case fatality rates exceeding 10% 10 . This Review focuses on the pathogenesis of leptospirosis and then highlights the recent advances in the field with respect to the genetic approaches that have been recently developed and the virulence factors that have been discovered.
The question mark-shaped bacterium
The genus Leptospira belongs to the phylum Spirochaetes and comprises saprophytic and pathogenic species 11 
. Saprophytic leptospires, such as Leptospira biflexa, are free-living organisms found in water and soil and, unlike pathogenic Leptospira spp., do not infect animal hosts 1 . Leptospires are thin, highly motile, slow-growing obligate aerobes with an optimal growth temperature of 30 °C and can be distinguished from other spirochaetes on the basis of their unique hook or question mark-shaped ends 12 (FIG. 1a) .
In addition to L. biflexa, the genomes of two pathogenic species, Leptospira interrogans and Leptospira borgpetersenii, have been sequenced [13] [14] [15] [16] . Most (77-81%) of the genes in leptospiral genomes do not have orthologues in the genomes of other spirochaetes, indicating the large degree by which leptospires have diverged from other members of the phylum 11 . Furthermore, comparative analysis of the genomes of the pathogenic and saprophytic species 16, 17 has provided insights into the genetic determinants that may be involved in pathogenesis
The transmission cycle Transmission of leptospirosis requires continuous enzootic circulation of the pathogen among animal reservoirs or, as they are commonly called, maintenance hosts (FIG. 2) . Leptospira serovars demonstrate specific, although not entirely exclusive, host preferences; for example, rats serve as reservoirs for the Icterohaemorragiae serogroup, whereas house mice (Mus musculus) are the reservoir for the ballum serogroup 4, 5, 18 . Furthermore, serovars often do not cause serious disease in reservoir hosts to which they are highly adapted.
Leptospires colonize and are shed from the renal tubules of a wide range of animals (see Supplementary information S1 (box)). The bacteria survive for weeks or even months in moist soil and water after excretion in the urine 19 . Cell aggregation 19 and biofilm formation 20 (FIG. 1b) may contribute to the survival of leptospires outside their hosts.
Disease pathogenesis
Pathogenic Leptospira spp. produce a systemic infection after environmental exposure, establish persistent renal carriage and urinary shedding in reservoir animals and cause tissue damage in multiple organs of susceptible hosts. Acute disease and chronic colonization represent the opposite poles of a wide range of disease presentations (see Supplementary information S1 (box)). Humans are incidental hosts: pathogenic Leptospira spp. cause acute disease manifestations but do not induce a carrier state that is required for their transmission.
Dissemination in the host. Leptospires penetrate abraded skin and mucous membranes and quickly establish a systemic infection by crossing tissue barriers and by haematogenous dissemination 1 . It was thought that leptospires, like other spirochaetes, spread through intercellular junctions 21 . However, they have been shown to efficiently enter host cells in vitro 22, 23 and to rapidly translocate across polarized cell monolayers without altering the trans-epithelial electrical resistance 24, 25 . Leptospires are not facultative intracellular organisms; they are rarely observed within host cells but instead seem to reside only transiently within these cells as they cross cell monolayers in vitro 25 . The process by which leptospires enter host cells is not understood. Internalized leptospires have been observed in cytoplasmic 24, 25 and phagosomal compartments 23 of normally non-phagocytic host cells. These findings suggest that leptospires use host cell entry and rapid translocation as mechanisms to spread to target organs and evade immune killing.
Infection causes prolonged leptospiraemia until the host mounts an effective acquired immune response, which occurs one to two weeks after exposure 26 (FIG. 3a) .
Leptospires can be isolated from the bloodstream within minutes after inoculation 1 and are detected in multiple organs by the third day after infection [26] [27] [28] [29] ; they may reach 10 6 -10 7 organisms per ml or per g in the blood and tissues of patients 30, 31 and infected animals 29 . Leptospires evade the host innate immune response during the initial stages of infection. They are resistant to the alternative pathway of complement activation 32, 33 and acquire complement factor H and related fluid-phase regulators 34, 35 through ligands such as the leptospiral endostatinlike (Len) proteins 36, 37 . The host complement fragment C4b-binding protein alpha chain (C4bPA) binds to the surface of leptospires 38 , suggesting that a similar process may confer some protection against the classical pathway of complement activation.
Persistent colonization.
The essential component of the life cycle of pathogenic Leptospira spp. is their ability to give rise to persistent renal carriage in reservoir animals. In rats, leptospires cause a systemic infection but are subsequently cleared from all organs except the renal tubules 28, 39 . Colonized tubules are densely populated with leptospires, which aggregate into an amorphous, biofilmlike structure (FIG. 1d) Disease manifestations and determinants. The incubation period for leptospirosis is 5-14 days on average, with a range of 2-30 days 1 (FIG. 3a) . In humans, leptospirosis causes a febrile illness that, in its early phase, often cannot be differentiated from other acute fevers. In most patients, illness resolves after the first week of symptoms. However, a subset (5-15%) of patients develop severe latephase manifestations 6 . unlike bacterial infections such as Gram-negative sepsis, leptospirosis does not cause fulminating disease shortly after the onset of illness, which may Box 1 | Classification and molecular typing of Leptospira spp.
The genus Leptospira belongs to the phylum Spirochaetes 11 . The subgroup of saprophytic species (Leptospira biflexa, Leptospira wolbachii, Leptospira kmetyi, Leptospira meyeri, Leptospira vanthielii, Leptospira terpstrae and Leptospira yanagawae) forms the deepest branch in the genus and another subgroup includes the pathogenic species (Leptospira interrogans, Leptospira kirschneri, Leptospira borgpetersenii, Leptospira santarosai, Leptospira noguchii, Leptospira weilii, Leptospira alexanderi and Leptospira alstoni). Another evolutionary branch comprises the so-called 'intermediate group' (Leptospira inadai, Leptospira broomii, Leptospira fainei, Leptospira wolffii and Leptospira licerasiae), which contains species of unclear pathogenicity 4, 5 . Pathogenic Leptospira spp. are classified into more than 200 serovars on the basis of structural heterogeneity in the carbohydrate component of the lipopolysaccharide 4, 5 . Serotyping of leptospires is important for clinical or epidemiological investigations, as identification of serovars and serogroups provides clues about the host reservoirs that are involved in pathogen transmission. However, serotyping is performed in only a few reference laboratories worldwide. Several studies have shown that the serogroups are not related to the groups that are formed by molecular classifications 4 , suggesting that the genes that determine the serotypes may be laterally transferred into different species. Consequently, a classification system based on genetic similarities is being used in conjunction with antigenic classification. Recently, genome sequence information allowed the introduction of several approaches to genotyping Leptospira spp., including multilocus variable-number tandem-repeat analysis 144 and multilocus sequence typing 44, 145 , a typing method that is based on the partial sequences of housekeeping genes and may evolve as a standard genotyping method for Leptospira spp. as it has for other bacterial species.
a b c d
Human leukocyte antigen Also known as the major histocompatibility complex, this is a key part of the human immune system.
Jarisch-Herxheimer reaction
An inflammatory reaction (characterized by the sudden onset of fever, chills and, in some cases, hypotension) that is induced in certain cases by antimicrobial therapy and believed to be due to the rapid release of bacterial antigens.
relate to the low endotoxic potency of leptospiral LPS 1 . Severe late-phase manifestations usually occur 4 to 6 days after the onset of illness (FIG. 3a) but can vary depending on the infecting inoculum dose and other disease determinants. Weil's disease is the classic presentation of severe leptospirosis and is characterized by jaundice, acute renal failure and bleeding. In addition, there is increasing awareness of an emerging severe disease form, leptospirosisassociated pulmonary haemorrhage syndrome (LPHS)
, for which the case fatality rate is more than 50% 6 . The development of leptospirosis and disease progression are influenced by host susceptibility factors, the dose of the infecting inoculum and the virulence characteristics of the infecting strain. Certain Leptospira species and serovars are more frequently found to cause severe disease in humans than others 42, 43 . A single circulating clone caused a large and sustained nationwide epidemic in Thailand 44 . Clonal transmission of strains has been described in other outbreaks and in settings of endemic transmission 45, 46 and may reflect localized transmission clusters 45 . However, the magnitude and duration of the epidemic in Thailand suggest that predominant clones may indeed possess specific factors that contribute to their overall biological success. The advent of high-throughput, whole-genome sequencing provides an opportunity to determine whether such factors exist by screening isolate genomes for genetic polymorphisms that are associated with clinical and transmission-related phenotypes.
Our understanding of the acquired and innate host factors that influence infection and disease progression remains limited. An investigation of a triathlon-related outbreak identified the human leukocyte antigen serotype HLA-DQ6 as the first and to date only genetic susceptibility factor for leptospirosis 47 . The authors found a synergistic risk interaction between HLA-DQ6 and swallowing water while swimming during the triathlon event. This environmental exposure was a likely proxy for an inoculum size effect. It is well known that increasing the inoculum size shortens the incubation period and decreases survival in a dose-dependent manner in experimental animals 26, 48 (FIG. 3b) . The synergism between HLA-DQ6 and environmental exposure found during the triathlon outbreak constitutes the first gene-environment interaction to be identified for an infectious disease.
Tissue damage. The onset of disease correlates with the appearance of agglutinating antibodies and the clearance of leptospires by antibody-mediated opsonization and lysis 1 (FIG. 3a) . Vascular endothelial damage is a hallmark feature of severe leptospirosis 49, 50 and causes capillary leakage, haemorrhage and, in a subset of cases, vasculitis. Leptospirosis activates the coagulation cascade 51, 52 and has been reported to cause disseminated intravascular coagulation in up to 50% of patients with severe disease manifestations 51 . Leptospiral components that are released after immune killing stimulate the production of pro-inflammatory cytokines [53] [54] [55] [56] and mediate inflammation and damage of end-organ tissues. The Jarisch-Herxheimer reaction, which is caused by the sudden release of these cytokines, is a complication of antimicrobial therapy for leptospirosis. Moreover, tumour necrosis factor may play a key part in disease progression, as levels of this cytokine are a predictor of poor clinical outcomes 57 . Leptospiral LPS has been shown to activate Tolllike receptor 2 (TLR2) in human cells rather than the TLR4 pathway 58 , an unusual finding that may relate to a 1-methylphosphate moiety that is not found in the lipid A of other bacteria 59 . In addition, leptospiral lipoproteins induce innate immune responses by activating the TLR2 pathway 58, 60 . However, leptospiral LPS activates both TLR2 and TLR4 pathways in mouse cells, indicating that there are species-specific differences with respect to TLR activation 61 . Leptospires stimulate the expansion of γδ T cell populations in naive peripheral blood mononuclear cells, and patients with leptospirosis have increased numbers of these specific T cells 54 ; this suggests that acquired cell-mediated responses may promote inflammation, in addition to the stimulation of inflammation by the innate and acquired humoral responses.
Leptospires can induce a peculiar hypokalaemic, nonoliguric form of acute renal failure that is characterized by impaired tubular na + reabsorption 62 . Although nonesterified unsaturated fatty acids derived from leptospires have been found to inhibit the kidney na
, it seems more plausible that the renal manifestations of infection are the direct result of a focal tubulo-interstitial nephritis. Leptospiral outer membrane proteins, such as LipL32, activate TLR-dependent pathways, which lead to the activation of nuclear factor-κb, mitogen-activated kinases and cytokines and, subsequently, to tubular damage 60 . Furthermore, activation of these pathways may provide an explanation for the dysregulation of na + transporters in infected kidneys, a finding that has been shown to be associated with impaired na + reabsorption 64, 65 . Leptospires can induce apoptosis in macrophages and hepatocytes 22, 66, 67 , but the overall contribution of apoptosis to disease pathogenesis has not been clarified. Leptospirosis elicits the production of autoantibodies, such as cardiolipin-specific antibodies 68 , and several reports suggest that autoimmune mechanisms may play a part in the development of uveitis 37 and LPHS
69 during infection.
Genetic tools for Leptospira spp.
The virulence mechanisms and, more generally, the biology of the causative agents of leptospirosis remain largely unknown. before 2000, the lack of genetic tools available for use in pathogenic or saprophytic leptospires precluded the full characterization of genes of interest. In the first genetic studies, carried out in the 1990s, several Leptospira spp. genes were isolated by the functional complementation of Escherichia coli mutants. This method led to the identification of the L. biflexa recombinase A (recA) gene 70 , the L. interrogans rfb genes 71 and a number of amino acid biosynthesis genes, such as aspartate semi-aldehyde dehydrogenase (asd) and the tryptophan biosynthesis gene trpE 72, 73 . The origin of replication from the Le1 temperate leptophage 74 , a 74 kb extrachromosomal element of L. biflexa 16 and a genomic island that can excise from the L. interrogans chromosome 75 were used to generate a plasmid vector that can replicate autonomously in both L. biflexa and E. coli 76 . However, although DnA can be introduced into leptospires by electroporation 76, 77 and conjugation 78 , there is currently no replicative plasmid vector available for pathogenic leptospires.
Deletion of chromosomal genes (including trpE, recA, the haeme synthetase gene hemH, the flagellar filament core protein gene flaB and the methionine biosynthesis genes metY, metX and metW) was achieved by targeted mutagenesis in the saprophyte L. biflexa using a suicide plasmid 79 . Recently the first gene to be successfully targeted, ligB, was disrupted in the pathogenic L. interrogans 80 by site-directed homologous recombination.
A system for random mutagenesis using the Himar1 mariner transposon has been developed for various Leptospira spp. strains 77, 81, 82 . In L. biflexa an extensive library of mutants can be generated and screened for phenotypes that affect diverse aspects of metabolism and physiology, such as amino acid biosynthesis and iron acquisition systems 82, 83 . However, pathogenic leptospires remain much less easily transformable with Himar1 (REF. 77 ). Transformation experiments with L. interrogans that were performed in two different laboratories resulted in approximately 1,000 random mutations, of which 721 affected the protein-coding regions of 551 different genes 81 (TABLE 1) . Further improvements to the methods and the identification of more readily transformable L. interrogans strains may allow the generation of a mutant library for high-throughput screening for specific processes that are known to be involved in pathogenesis.
Animal models of virulence Guinea pigs and hamsters are the standard experimental models for acute leptospirosis 1 . Infection with low inocula (<100 leptospires) produces similar disease kinetics (FIG. 3b) and severity to those observed in humans 48 . Mice and gerbils have been used to study the genetics of the immune response to leptospirosis 61, 84, 85 and as models for vaccine-mediated immunity 86 (TABLE 2) . However, mice are relatively resistant to infection and high inocula (up to 10 8 organisms) are required to produce disease, a situation that may not parallel natural exposure. Furthermore, when mice do develop disease it is more fulminant and they tend to die within markedly shorter intervals (5 days) than hamsters infected with low-inoculum lethal challenges (FIG. 3b) . This finding raises concerns that this experimental animal model may not reproduce the disease dynamics and pathogenic processes that are observed in natural infections. Rats have been used as a model system to study persistent coloniz ation but also require high inocula 28, 39 . Similar to the situation in mice, it is not understood why this common reservoir in nature is relatively difficult to infect experimentally. natural
Box 2 | Genomes of Leptospira spp.
A major advance in our understanding of Leptospira spp. and their pathogenesis has come from the recent sequencing of the genomes of two pathogenic species, Leptospira interrogans and Leptospira borgpetersenii, and the saprophytic species Leptospira biflexa [13] [14] [15] [16] . Overall, the genomes have a GC content of between 35% and 41% and possess two circular chromosomes of approximately 4 Mb and 300 kb. An additional 74 kb replicon has been identified in L. biflexa 16 , which can also possess a fourth circular replicon, the 74 kb leptospiral bacteriophage LE1 (REFS 74, 146) . A comparative analysis of Leptospira spp. genomes provides clues about the genetic determinants that are responsible for the different lifestyles of the spirochaetes 17 . A comparison of the proteins encoded by these genomes has revealed a common backbone of 2,052 proteins for this genus 16 . The L. interrogans and L. borgpetersenii genomes contain approximately 3,400 and 2,800 predicted coding regions (excluding transposases and pseudogenes), respectively, of which 656 are pathogen specific and not found in the saprophyte L. biflexa. The functions of most (59%) of these genes are unknown, suggesting the existence of pathogenic mechanisms that are unique to Leptospira spp. The saprophyte L. biflexa, which survives exclusively in the external environment, has many more genes encoding environment-sensing and metabolic proteins than the pathogenic leptospires 16 . Although L. interrogans and L. borgpetersenii share 2,708 genes, there are 627 and 265 genes from L. interrogans and L. borgpetersenii, respectively, that are not shared with the other pathogenic species. L. interrogans has retained more genes from its free-living ancestor, most of which relate to survival in the external environment 16 . L. borgpetersenii has a smaller genome (3.9 Mb compared with 4.6 Mb) and a much larger proportion of transposase genes or pseudogenes (20% compared with 2%) than L. interrogans. Together, these findings indicate that L. borgpetersenii is undergoing a process of genome reduction and specialization 15 . Gene loss seems to have impaired the ability of L. borgpetersenii to survive in the external environment, and therefore it relies on direct contact between host animals (cows) rather than indirect environmental exposures as its principle mode of transmission. infection with lepto spirosis occurs in non-human primates, which have been used as models to study the disease 87 and, more recently, the development of pulmonary haemorrhage syndrome 88 .
Virulence factors
The virulence factors that have been identified to date are primarily surface proteins, which are thought to mediate the interaction between the bacterium and the host tissues. Although several proteins are secreted by Leptospira spp., including degradative enzymes, there is no evidence for a dedicated protein secretion pathway similar to the type III and type IV secretion machinery that is used by Gram-negative bacteria to inject proteins into host cells. Virulent leptospires, but not culture-attenuated or saprophytic organisms, adhere to and enter mammalian host cells 22, 24, 25, 89 (FIG. 1c) . Proteins that are present on the surface of leptospires, including several that have been shown to bind in vitro to various components of the extracellular matrix 36,90-94 , are thought to mediate the host cell-leptospire interaction (FIG. 4) . Consistent with the predicted ability of Leptospira spp. to migrate through host tissues, the genomes of these organisms encode a wide range of putative haemolysins and proteases that may facilitate this process. An analysis of the L. interrogans genome identified nine genes that encode putative haemolysins, including a pore-forming protein 99 and a sphingomyelinase 16 that are not found in the saprophyte L. biflexa. The L. interrogans genome also contains a microbial collagenase that is proposed to be involved in the destruction of host tissues. The pathogens are maintained in sylvatic and domestic environments by transmission among rodent species. In these reservoirs, infection produces chronic, asymptomatic carriage. Leptospires can then infect livestock and domestic and wild animals and cause a range of disease manifestations and carrier states. Maintenance of leptospirosis in these populations is due to their continued exposure to rodent reservoirs or to transmission within animal herds. Leptospirosis is transmitted to humans by direct contact with reservoir animals or by exposure to environmental surface water or soil that is contaminated with their urine. Leptospires penetrate abraded skin or mucous membranes, enter the bloodstream and disseminate throughout the body tissue. Infection causes an acute febrile illness during the early 'leptospiraemic' phase and progresses during the late 'immune' phase to cause severe multisystem manifestations such as hepatic dysfunction and jaundice, acute renal failure, pulmonary haemorrhage syndrome, myocarditis and meningoencephalitis. Although the immune response eventually eliminates the pathogens, leptospires may persist for prolonged periods in immunoprivileged sites, such as the renal tubules and the anterior chamber and vitreous humor of the eye, where they can produce, respectively, urinary shedding weeks after resolution of the illness and uveitis months after exposure. Humans are an accidental host and do not shed sufficient numbers of leptospires to serve as reservoirs for transmission. 108 ) is surface exposed 102 and accounts for 75% of the outer membrane proteome 109 . This lipoprotein is highly conserved among pathogenic Leptospira spp. 110 , whereas there are no orthologues in the saprophytic L. biflexa 16 . LipL32 was long thought to be a putative virulence factor. Higher levels of LipL32 are expressed in leptospires during acute lethal infections than during in vitro culture 106 . In addition, the C terminus of LipL32 binds in vitro to laminin, collagen I, collagen IV, collagen V and plasma fibronectin 92, 93 . Furthermore, the crystal structure of LipL32 was recently elucidated and shown to have structural homologies with proteins such as collagenase that bind to components of the extracellular matrix 111 . However, a LipL32-mutant strain, obtained by Himar1 insertion mutagenesis, was found to be as efficient as the wild-type 
Box 3 | Leptospirosis and pulmonary haemorrhage syndrome
Leptospirosis-associated pulmonary haemorrhage syndrome (LPHS), first described in Korea and China 147 , was brought to the attention of the world by a large outbreak in Nicaragua in 1995 (REF. 148 ). Subsequently, LPHS has emerged as a major cause of haemorrhagic fever in developing countries 30, [149] [150] [151] . LPHS is striking for its fulminant presentation of massive pulmonary bleeding and acute lung injury and is associated with poor clinical outcomes 6 , indicating that the pathogenesis of LPHS may be different from that of Weil's disease. Patients with LPHS have high amounts of leptospiral DNA (indicative of ≥10 6 organisms per g) in lung tissues 30 . However, few intact leptospires are found in the lung 49 . The main lesion associated with LPHS is damage to the vascular endothelium 49, 50 . More recently, several reports have observed linear deposition of immunoglobulin and complement along the alveolar basement membrane and in the intra-alveolar spaces of affected lung tissues 69, 152, 153 , suggesting the involment of an underlying autoimmune process. The sudden appearance of LPHS in certain settings 151 suggests that the introduction of clones with enhanced virulence may be a contributing factor to the recent emergence of this syndrome. strain in causing acute disease and chronic colonization in experimental animals 112 ( 94, 114 . Furthermore, the repeat domain portion of the Ligb molecule binds Ca 2+ , which seems to enhance its ability to adhere to fibronectin 115 . The lig genes are upregulated under physiological osmolarity 116 and encode surfaceexposed proteins that are strongly recognized by sera from patients with leptospirosis 103, 117, 118 . Lig proteins are considered to be putative virulence factors 103 , as members of the bacterial immunoglobulin-like protein superfamily mediate pathogen-host cell interactions, such as invasion and host cell attachment, in other bacteria. However, a ligB mutation in L. interrogans, which also contains a ligA gene 80 , does not affect the ability of the bacterium to cause acute leptospirosis in hamsters or persistent renal colonization in rats. The presence of several other putative adhesins with potentially redundant functions, including LigA, may have obscured the detection of clear phenotypes for the ligB mutant.
Other potential virulence proteins. The motility of the bacteria may be of relevance to their basic biology and, despite also being common to saprophytes, may be considered a virulence factor. Freshly isolated pathogenic leptospires have higher translational and helical motility than strains passaged in vitro 119 . Their corkscrew motility allows these organisms to swim through gel-like media such as connective tissues 12 . However, it has not been determined whether loss of motility results in attenuation of virulence for pathogenic leptospires. L. biflexa flaB mutants cannot form functional endoflagella, but their cell bodies remain intact and helical 120 . The endoflagella are therefore not responsible for dictating the helical shape of the cell body in Leptospira spp., as they are in Borrelia burgdorferi 121 . Proteins that are involved in the morphogenetic system of rod-shaped bacteria, such as Mreb, MreC, MreD and penicillin-binding proteins, are encoded in the leptospiral genome. Leptospiral cell morphology may therefore be determined by the cytoskeleton and maintained by the rigid murein layer.
Multiple methyl-accepting chemotaxis proteins have been identified in Leptospira spp., suggesting that chemotactic responses to various chemoattractants and repellents occurs. unlike saprophytic strains, L. interrogans displays positive chemotaxis towards haemoglobin 122 . Iron acquisition is important for virulence in many bacterial pathogens, and Leptospira spp. contain several iron-uptake systems, including Tonb-dependent outer membrane receptors 83 . Leptospira spp. possess a haem oxygenase, encoded by hemO, that degrades the tetrapyrrole ring of the haem molecule, releasing ferrous iron. Disruption of the hemO gene in L. interrogans decreases virulence in the hamster model of leptospirosis 123 (TABLE 1), suggesting that Leptospira spp. use haem as their principal source of iron during infection.
Two attenuated L. interrogans mutants have disruptions in genes that encode hypothetical proteins that may be virulence factors 81 , but these findings need to be confirmed with complementation studies.
Previous microarray studies have shown that exposing L. interrogans to the osmolarity conditions found in host tissues induces a profound shift in its global transcription profile. Therefore, osmolarity and temperature 116, 124 are important factors for regulating the expression of proteins that mediate the infection of mammalian hosts. nineteen of the twenty-five most strongly salt-induced L. interrogans genes encode hypothetical proteins 116 . These proteins 
T helper 1 cell
A type of activated T helper cell that promotes responses associated with the production of a particular set of cytokines, including tumour necrosis factor and interferon-γ, the main function of which is to stimulate phagocytosis-mediated defences against pathogens.
may be response regulators and environment-sensing proteins that are involved in survival or persistence in the environment or in the infected host. In addition, sphingomyelinase C is upregulated by increases in osmolarity to the levels that are found in mammalian host tissues 116 .
Immunity
The humoral response is thought to be the primary mechanism of immunity to leptospirosis 125 . LPS seems to be the main target for the protective antibody response: passive transfer of immunity correlates with levels of agglutinating LPS-specific antibodies in transferred sera 126 , and LPS-specific monoclonal antibodies passively protect naive animals from leptospirosis 127 . However, it is not known whether antibody responses against leptospiral antigens other than LPS also confer protection.
Recent work has confirmed that immunity to leptospirosis is not limited to the humoral response. Mice require intact TLR2 (REF. 128 ) and TLR4 (REF. 85 ) activation pathways to control a lethal infection. In contrast to immunity in hosts that are susceptible to acute lepto spirosis, protective immunity against L. borgpetersenii serovar Hardjo in bovine reservoirs is cell mediated. Immunization trials in cattle found that protection against this serovar, conferred by wholeleptospire-based vaccines, correlated with T helper 1 cell responses and not with agglutinating antibody titres [129] [130] [131] .
Vaccines
In 1916, Ido et al. provided the first demonstration that immunization with killed leptospires protects against experimental infection 132 . Since then, whole-leptospire-based vaccines have been routinely administered to livestock and domestic animals and used for immunization of human populations 6 . However, there are serious concerns about their use 133 . Whole-leptospire-based vaccines are associated with high rates of adverse reactions and confer only shortterm, serovar-specific immunity 1 . Polyvalent vaccines are used to provide coverage for circulating serovar agents and must be reformulated at substantial cost when new serovars emerge 134 . Furthermore, whole-leptospire-based vaccines are not universally effective in preventing carriage, which limits their use as a transmission-blocking intervention.
Owing to these limitations, efforts have focused on developing subunit vaccine candidates (TABLE 2) more specifically, on identifying surface-associated proteins that are conserved among serovars, and targets for bactericidal immune responses. The first evidence for the feasibility of this approach was the demonstration that immunization with E. coli outer membrane vesicles containing recombinant LipL41 and OmpL1 partially protected against an otherwise lethal challenge of leptospires in hamsters 135 . Subsequently, LipL32 has been shown to elicit immunoprotection when administered in naked DnA 136 , Mycobacterium bovis bacille Calmette-Guérin (bCG) 137 and adenoviral 138 delivery systems. However, the overall efficacy of these candidate vaccines is low (40-75%) in experimental animals. The most promising subunit vaccine candidates are the Lig proteins, which have been shown to confer high-level protection (TABLE 2) approaching 100% in mice 86 and hamsters [139] [140] [141] . The ability of Lig proteins to elicit crossprotective immunity to a range of serovar agents must be determined, as amino acid sequence identities for these proteins are 70-100% among Leptospira spp. 142 . The availability of multiple genome sequences provides an opportunity to use high-throughput strategies to identify new vaccine candidates 105 . The ultimate 
. Strategies to refine the number of target candidates include the sequencing of a wider representation of pathogenic Leptospira spp. genomes and the bioinformatic analysis and selection of open reading frames that are highly conserved among these genomes and that encode outer membrane proteins 98 . The main barrier to pursuing this strategy is the lack of in vitro correlates for immunity against leptospirosis. High-throughput screening in experimental animals may not be feasible given the expected number of candidate antigens. A priority for vaccine development will be to determine whether infection with leptospirosis protects against subsequent reinfection in high-risk populations and to identify the mechanisms of immunity that are involved. until epidemiologically validated immune correlates are identified, the discovery of vaccine candidates will probably continue to rely on the search for new virulence factors and outer membrane proteins.
Conclusions and future directions
There has been impressive recent progress in our knowledge of the basic aspects of the biology and pathogenesis of Leptospira spp., although modern molecular genetics was not applied to pathogenic leptospires until 2005, with the generation of the first mutants in L. interrogans 77 . Further studies are required to explain why it is so difficult to introduce DnA into pathogenic leptospires by methods that are commonly used for other bacteria. More efficient methods are needed to test the roles of putative virulence factors. The presence of prophage-like loci in the genomes of pathogenic Leptospira spp. 75, 143 suggests that transduction may occur and that phages could be used as tools for gene transfer. Despite the large evolutionary distance between the pathogenic and non-pathogenic species, Leptospira spp. share a core of approximately 2,000 genes 16 ; L. biflexa could therefore be used as a model bacterium to identify the functions of these common genes and to gain an insight into the general biology of Leptospira spp.
The development of genetic tools to transform leptospires has circumvented a substantial barrier to the elucidation of pathogen-related determinants of virulence and has led to the identification of Loa22 as the first virulence factor in Leptospira spp. 104 . LipL32 and Lig proteins were long thought to be virulence factors, but mutagenesis of the corresponding genes did not result in attenuation of virulence. This suggests that there may be a high degree of redundancy in function among virulence factors and that classical knockout approaches may not be useful in identifying such factors. There is therefore a real need to use convergent genomic, proteomic and metabolomic approaches to systematically identify molecular pheno types and link these phenotypes with the pathogen's ability to cause , penicillin-binding proteins (PBPs) and the lipoprotein LipL31. The leptospiral OM contains lipopolysaccharide (LPS), the transmembrane porin outer membrane protein L1 (OmpL1) and the lipoproteins LipL32, LipL36 (on the inner surface of the OM), LipL41 and LigB. Several TonB-dependent receptors (TBDRs) were identified by genome analysis, of which three are involved in the transport of iron citrate, the siderophore desferrioxamine and hemin 83, 154 . Transport requires energy transduction from the TonB-ExbB-ExbD complex in the inner membrane (for simplicity, only one TonB-ExbB-ExbD-TBDR system is shown). Leptospira spp. possess orthologues of the Escherichia coli export systems that transport OMPs and lipoproteins 155 , including the IM lipoprotein signal peptidase I (SPase I) and SPase II. Lipoproteins are first transported through the Sec system and then bind to the ABC transporter formed by LolC, LolD and LolE. OMPs are transported through the Sec translocon, bound by the periplasmic chaperone Skp and then bound by Omp85 before being integrated into the lipid bilayer. An incomplete set of type II secretion-like genes is also present in the Leptospira spp. genomes. Several cytoplasmic membrane ABC transporters are found in leptospires, including a metallic cation uptake family ABC transporter 83 . As in other spirochaetes, the endoflagella are located in the periplasm. The surface-exposed Loa22, leptospiral endostatin-like protein A (LenA), LenD, LigA and LigC proteins are not shown but are also known to be present at the surface of leptospires.
both host and microbiological factors probably contribute to the severity of leptospiral infection. Further studies will allow us to determine whether severe disease manifestations, such as LPHS, are due to strain-specific factors that enhance the pathogen's virulence or to innate or acquired host immune responses and susceptibility factors. elucidation of the molecular mechanisms of pathogenesis will contribute to the development of novel strategies for the treatment and prevention of leptospirosis. Such advances are urgently needed to address the large disease burden that is attributable to this emerging infectious disease in impoverished populations. disease in humans and animals. Our next hurdle is to learn more about leptospiral gene regulation and the interactions among leptospiral proteins. Microarrays are a valuable tool to identify regulatory networks or analyse the pleiotropic effects of a mutation. The use of genetically distinct (or engineered) laboratory rodents together with microarrays or proteomic studies should permit researchers to better delineate the mechanisms leading to chronic renal shedding. ecological and metagenomic studies of soils will possibly provide information on the environmental persistence of leptospires, which remains poorly understood.
